Abstract. Photodynamic therapy applied to cell cultures represents a widely accepted experimental method to investigate molecular mechanisms that lead to apoptotic cell death. In this context the subcellular localization of photosensitizers seems to be a significant factor in order to determine the apoptotic pathway that could be activated. We have characterized the experimental conditions that induce apoptotic cell death in A-549 cells incubated with ZnPc and irrradiated with red light. Previously we have found that in this cell line the drug is localized in the Golgi apparatus after 3-h incubation. Indirect immunofluorescence analysis of the events that lead to apoptosis made possible the detection of caspase-2 activation in the Golgi region immediately after photodynamic treatments. A few minutes later, the morphology of this organelle starts to disrupt and just 6 h after treatment the nuclei appear affected showing the fragmented appearance typical of apoptotic cell death. From this results we assume that following the photodynamic treatment of A-549 cells with ZnPc, the activation of caspase-2 in the Golgi apparatus could begin to initiate immediately the apoptotic process.
Introduction
Cell death in vivo and in vitro can occur under two general forms: necrosis and apoptosis. Apoptosis, also called programmed cell death, can be induced by a variety of stimuli. There is a growing interest in the analysis of apoptosis from diverse fields of biomedical research, but the apoptotic process is especially relevant in oncology. It is now generally accepted that the inhibition of apoptosis plays a role in the carcinogenic process (1, 2) . Likewise, numerous studies have demonstrated that many anticancer drugs work, at least in part, by triggering apoptosis in neoplastic cells both in vitro and in vivo (3, 4) .
The evaluation of apoptosis versus necrosis is an important parameter to determine the efficacy and the potential toxicity of a given treatment, allowing to adjust the more appropriate therapeutic protocol. Upon apoptosis induction, caspases (a family of specific aspartyl-cysteine proteases) are activated, mitochondria being of central significance for triggering the apoptotic process (5, 6) . Accumulating evidence suggests that other organelles, including the Golgi apparatus, are also important points of integration of pro-apoptotic signalling or damage sensing (7) . In this sense, photodynamic treatment applied to cell cultures represents a widely accepted experimental tool to investigate the molecular mechanism that leads to apoptotic cell death.
Photodynamic therapy (PDT) is a treatment for cancer that is based on the use of a photosensitizer (PS) and visible light to produce reactive oxygen species (ROS) within cells, mainly singlet oxygen ( 1 O 2 ). Several PSs currently used in PDT localize in different cell compartments (8, 9) such as mitochondria, lysosomes, endoplasmic reticulum or Golgi apparatus, and induce cell death by inducing apoptosis and/or necrosis as a function of treatment doses and cell type (10, 11) . Most of the studies on cell death mechanisms were carried out using cell cultures, which are simplified models with respect to the situation in vivo. Since 1 O 2 has a very short lifetime in cells, its intracellular targets must be located close to the sites where the sensitizer is accumulated (12) .
In this work, we have characterized the localization of zinc(II)-phthalocyanine (ZnPc) in the Golgi apparatus of A-549 cells as well as the apoptotic cell death mechanism after red light irradiation. Indirect immunofluorescence analysis made possible the detection of caspase-2 activation in the Golgi region, before this organelle starts to disrupt and before nuclei appear with the morphology typical of apoptotic cell death (13) . From these results we can deduce that the Golgi apparatus, like other cell organelles, could have its own sensors for cellular damage, which would be involved in a precise signalling balance to determine either cell death or cell survival.
Materials and methods

Cell cultures.
Human lung adenocarcinoma A-549 cells were grown as monolayer in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) foetal bovine serum (FBS), 50 units/ml penicillin, 50 μg/ml streptomycin, and 1% (v/v) 0.2 M L-glutamine (all from Gibco). Cell cultures were performed in an incubator with 5% of CO 2 plus 95% air at 37˚C. For photodynamic treatments cells were plated on 22 mm square coverslips within 35 mm culture dishes. In all cases subconfluent cell cultures were used.
Chemicals and preparation of liposomes. On account of its water insolubility, zinc(II)-phthalocyanine (ZnPc, Aldrich) was first dissolved in pyridine (Panreac) and then vehiculized in dipalmitoylphosphatidylcholine (DPPC, Sigma) liposomes following the method of Ginevra et al (14) . ZnPc liposomes were sterilized by filtration through a Millipore ® filter (0.22 μm in diameter) and diluted in DMEM with 1% FBS and 1% L-glutamine to obtain the appropriate drug concentration. 
Drug localization and organelle labelling.
In order to analyze the localization of ZnPc, cells grown on coverslips were incubated for 1, 2, 3 and 18 h with the drug, washed twice with PBS and observed by fluorescence microscopy under UV excitation. After ZnPc treatment and to analyze the possible participation of lysosomes in PS accumulation, cells were incubated with 1.5 ml DMEM and 20 μl of 5x10 -6 M acridine orange (AO, Gurr) for 1 min, washed with PBS and visualized by fluorescence microscopy under blue light excitation. This concentration is lower than usual and therefore there is only a scarce accumulation of AO in lysosomes giving green fluorescence. This protocol allowed to avoid the orange-red AO emission in lysosomes, which could be difficult to distinguish from the red signal of ZnPc.
Evaluation of cell survival. Cell survival was evaluated 24 h after experimental treatments by the MTT method (15) . From a stock MTT solution (1 mg/ml in PBS), 0.1 ml was added to the culture dishes containing 1.5 ml DMEM (final MTT concentration: 62.5 μg/ml). After incubation for 3 h at 37˚C the culture medium was removed and the formazan precipitate dissolved in 1.5 ml DMSO. Absorption was measured at 540 nm in a Shimadzu UV-1601 spectrophotometer, and the cell survival expressed as the percentage of formazan absorption from treated cells in comparison with that of control cells.
Morphological and immunofluorescence studies.
Variations in the cell morphology were analyzed using fluorescence microscopy under UV excitation. Cells attached to coverslips were fixed with cold methanol for 5 min, air-dried, stained with H-33258 (5 μg/ml, 3 min) in distilled water and mounted in DePeX. For the visualization of Golgi matrix protein GM130, cells grown on coverslips were fixed in 3% paraformaldehyde at room temperature (RT) for 20 min, washed twice in PBS for 1 min and permeabilized with 0.1% (v/v) Triton X-100 in PBS at RT for 5 min. Cells were incubated with 50 μl of primary antibody (mouse monoclonal anti-GM130 antibody, BD Transduction Lab.) for 1 h at 37˚C, washed in PBS and subjected to the secondary antibody [fluorescein isothiocyanate (FITC)-labelled rabbit anti-mouse IgG, Sigma] at 37˚C for 1 h, and washed again with PBS. After nuclear counterstaining with 5 μg/ml H-33258 for 3 min, preparations were washed with distilled water and mounted in Mowiol. For caspase-2 detection, cells were fixed in paraformaldehyde as above. The coverslips were incubated with 50 μl of primary antibody (mouse monoclonal anti-ICH Lcaspase-2 antibody, BD Transduction Lab.) for 1 h at 37˚C, washed in PBS for 5 min and incubated with the secondary antibody (Alexa 594-labelled goat anti-mouse IgG, Molecular Probes) at 37˚C for 1 h. Cells were washed again in PBS, counterstained with H-33258 and mounted in Mowiol.
Microscopy. Microscopic observations were carried out using an Olympus BX61 epifluorescence microscope equipped with an HBO 100 W mercury lamp and ultraviolet (UV, 365 nm), blue (450-490 nm) and green (546 nm) excitation filters. Photographs were obtained with a digital camera Olympus DP50 and processed using the Adobe Photoshop 8.0 software (Adobe Systems).
Results
The analysis of cell survival after incubation of A-549 cells with ZnPc used at different concentrations and incubation times showed that the PS alone did not modify significantly the viability of cell cultures (Table I) . Likewise, in the absence of ZnPc, the most prolonged irradiation time used in this work (15 min) did not alter the survival of A-549 cells. Table I . Dark toxicity of ZnPc and irradiation control.
Studies on the subcellular localization of ZnPc in this cell type after different incubation times are presented in Fig. 1 . Fluorescence microscopy images showed that when untreated (control) cells were observed under UV excitation, the blue-white autofluorescence of mitochondria was clearly recognized (Fig. 1A) . Following 1-h incubation with 10 -6 M ZnPc, the red fluorescence of the PS was scarcely visible, whereas after 2-h incubation only some cells appeared with red fluorescence (not shown). When incubated for 3 h, all cells revealed incorporation of ZnPc, which was mainly localized in a polarized perinuclear region, corresponding morphologically with the area of the Golgi apparatus (Fig. 1B) . After 18-h incubation, the amount of ZnPc accumulated within cells increased but the cell region in which it localized was very similar (Fig. 1C) . On account of the complete absence of overlay effects between the blue-white autofluorescence of mitochondria and the red fluorescence signal of ZnPc, it can be deduced that the PS does not accumulate within mitochondria.
After 3-h incubation with 10 -6 M ZnPc for 3 h, followed by 1 min treatment with the lysosomal marker AO, A-549 cells showed the red fluorescing ZnPc in the Golgi region (Fig. 1D) , whereas lysosomes appeared labelled in green by AO ( Fig. 1E ; see Materials and methods). When the two images were superimposed (Fig. 1F) no colocalization of the red and green signal was observed, indicating that ZnPc did not localize within lysosomes. Likewise, after 18-h incubation with ZnPc followed by AO labelling, no colocalization of the red ZnPc fluorescence and the green AO fluorescence was found (Fig. 1G-I ).
As the above observations ruled out the localization of ZnPc in both mitochondria and lysosomes, the fluorescence of ZnPc was compared with the specific immunofluorescent labelling of the Golgi apparatus by GM130 (Fig. 6A) . In this case simultaneous fluorescence signals could not be observed because the procedure used for the detection of GM130 resulted in extraction of the ZnPc signal. When compared with the distribution of GM130, the localization of ZnPc after 3-or 18-h incubation appeared topographically very well correlated with the immunolabelled Golgi region. Taking into account that 3 h was the shortest incubation time with ZnPc that allowed to identify clearly the PS within all cells, this time was selected for most photodynamic treatments. Fig. 2 shows the rapid decrease of cell survival by 3-15 min red light irradiation of cell cultures previously treated with 10 -6 M ZnPc for 3 h. The microscopical analysis of the nuclear morphology by H-33258 staining at variable times after photosensitization revealed that from 5-min irradiation, a significant number of apoptotic nuclei could be observed 6 h ( Fig. 3B ) and 24 h later (Fig. 3C) . On the contrary, 1-h incubation with a lower concentration of ZnPc (5x10 -7 M) followed by 5-min light irradiation clearly resulted in necrotic cell death (Fig. 5) . This typical process was also characterized by H-33258 fluorescence, first showing reduction of nuclear size and pyknosis 6 h later (Fig. 3D ). Nuclear disintegration with formation of numerous bright fluorescing granules of variable size was observed 24 h later (Fig. 3E) .
The amount of apoptotic A-549 cells after 3-h incubation with 10 -6 M ZnPc and irradiation for 3, 5, and 10 min is shown in Fig. 4 . Cell counting was performed 6 and 24 h following photodynamic treatments. Under these conditions, the highest number of apoptotic cells was observed using 5-min irradiation. These results contrast with those obtained using 5x10 -7 M ZnPc for 1 h and irradiation for 3 and 5 min (Fig. 5) , showing a very low amount of apoptotic cells 6 and 24 h after the photodynamic treatment. In the same figure, the high percentage of necrotic cell death is also shown for comparative purposes.
Morphological changes in the specifically stained Golgi apparatus at different times after photodynamic treatments with 10 -6 M ZnPc and 5-min irradiation is shown in Fig. 6 . It can be clearly observed that, although slightly less compact, the integrity of the Golgi apparatus was mantained immediately after the treatment as well as 15 min later (Fig. 6A and B) .
However, the Golgi labelling became subtle and more disperse 30 min after treatments (Fig. 6C) , and 6 h later it was practically absent (Fig. 6D) .
The morphological evolution of the caspase-2 activation in function of the elapsed time after apoptotic photodynamic treatments is observed in Fig. 7 . Untreated (control) A-549 cells only showed a very low and diffuse immunofluorescent signal (Fig. 7A) . Immediately after the photodynamic treatment, a bright emission was found in the Golgi region (Fig. 7B) , which was maintained 15, 30, and 60 min later (Fig. 7C and D) . The immunofluorescent labelling of caspase-2 decreased 3 h after treatment (Fig. 7E) , and finally it was almost negligible 6 h later (Fig. 7F) . In contrast, using photodynamic conditions that induce necrotic cell death, no activation of caspase-2 was found at any time after treatments (data not shown).
Discussion
Photodynamic treatments applied to cell cultures have become a very useful tool for the study of processes leading to cell death by apoptosis (16) (17) (18) . With most of the commonly employed PSs, and using adequate incubation time and irradiation doses, PDT treatments induce cell death by apoptosis or necrosis in almost all cell types (8, 10, 19, 20) .
In this work, we have carried out a morphological study of the ZnPc subcellular localization in human tumoral A-549 cells, as well as the sequence of events that cause apoptotic death using this second-generation PS. In previous experiments we checked that drug and irradiation doses used separately had no effect on the cell viability.
Localization of ZnPc in the Golgi apparatus of 4R transformed murine fibroblasts was described by Fabris et al (21) . In that work the authors described the kinetics of drug penetration showing a relationship among apoptotic death and drug localization in this organelle for long incubation times. In contrast, for shorter incubation times part of the PS still remained close to the plasma membrane, producing necrotic death in most cells. Present results are in agreement with these observations. Under our experimental conditions, the drug showed a golgian localization, which was confirmed by comparing the fluorescence of ZnPc within living cells with that obtained by immunofluorescence detection of GM130.
Incubation of cells with ZnPc for 3 or 18 h did not result in PS colocalization with lysosomal AO signal or mitochondria autofluorescence. This localization in the Golgi aparatus could be detected in all cells after drug incubation for 3 h. The amount of intracellular ZnPc increased with 18-h treatment, but its localization did not change. However, it cannot be excluded that this long incubation time also produces drug accumulation in endosome vesicles, some of them being near the cell membrane. Based on these results, we have used an incubation time of 3 h to characterize the experimental conditions that induce apoptotic cell death. Using this incubation time the PS accumulated in all cells and showed a more selective localization in the Golgi apparatus than following 18-h incubation.
After 3-h incubation with ZnPc and irradiation with different light doses, a rapid decrease of the surviving cell fraction was observed. The analysis of cell morphology indicated that the treatment with 10 -6 M ZnPc for 3 h and irradiation for 5 min caused the highest amount of apoptotic cell morphology. This type of cell death was easily characterized with H-33258 monitoring the typical nuclear fragmentation associated to apoptosis (13) . This fragmentation appeared 6 h after treatment and remained 24 h later. On the contrary, necrosis evolved generating small and pyknotic nuclei clearly visible 6 h after irradiation. At 24 h chromatin degradation and severe cellular disorganization were observed.
It is well known that irradiation of PSs within cells generates ROS (mainly 1 O 2 ) that cause oxidative stress and induce cell death via apoptosis or necrosis depending on the treatment dose. As the half-life of 1 O 2 generated in biological media is very short (<0.04 μs), with effects only reaching 0.02 μm (12, 22) , the primary damaging action of ZnPc must occur near the site where it is located. Since ZnPc appears accumulated in the Golgi apparatus, one can assume that this organelle is the first PDT target. The sequential analysis of the Golgi disorganization under experimental conditions leading to apoptosis revealed that this organelle is affected in very early stages, and that its total disorganization precedes the nuclear alteration. On account of this early disorganization, it is also possible that the Golgi apparatus could be affected by caspases activation, like other organelles such as the endoplasmic reticulum (7) .
To check this point we have studied the kinetics of caspase-2 activation. This protease can be located in the cytoplasm and nucleus. In some cell types it can be located in the Golgi apparatus, more precisely on its cytoplasmatic side (23, 24) . In the nucleus, caspase-2 seems to act as an initiator after DNA damage (25) , but in the Golgi apparatus the enzyme has been described as an effector. When responding to a cellular stress, caspase-2 is activated in the Golgi apparatus, where it degrades golgin-160 and induces a rapid disorganization of this organelle (23) . When golgin-160 is cleaved by caspase-2, several fragments can accumulate in the nucleus. This suggests that golgin-160 degradation has other functions than the simple structural alteration of the organelle (26). Mancini et al (23) have concretely demonstrated that caspase-2 acts in Golgi sites that are not accessible to other caspases, suggesting that the Golgi apparatus, like mitochondria, could act as a pro-apoptotic signalling organelle in response to local oxidative stress.
Under our experimental conditions, we have found that caspase-2 was rapidly activated after photodynamic treatment and preceded the disorganization of the Golgi apparatus. The fluorescent signal of caspase-2, which was not detectable in control cells, appeared immediately after treatment and remained at least for 1 h before it began to decay. Six hours after treatment, just when the nuclear morphology is clearly apoptotic, the signal of caspase-2 is practically undetectable. The expression of nuclear caspase-2 was not observed at any of the studied times. This sequence of reactions seems to indicate that the primary target of the photodynamic treatment would be pro-caspase-2 located in the Golgi apparatus. The proenzyme can then transform into caspase-2 that would act on golgin-160 producing the organelle disorganization. Under necrotic treatments, the activation of caspase-2 was not detected at any time after treatment.
In conclusion, the Golgi apparatus could act as a trigger of apoptotic cell death by selective degradation of some structural proteins catalyzed by caspases, mainly by caspase-2. These results support previous findings demonstrating that different caspases can act on different organelles detecting stress signals and degrading specific proteins that can stimulate or inhibit the apoptotic process (7) .
In this sense cells could possess several pro-and antiapoptotic signal triggers in their subcellular compartments, whose activation and balance can finally determine the cell survival or cell death. Therefore, it is obvious that the precise knowledge of the mechanisms of cell destruction by antitumoral therapies, including PDT, will improve their effectiveness. Morphological and cytochemical studies on cultured cells provide a rapid, simple and suitable method to characterize the mechanisms of the specific response of each tumoral cell line to each PS.
